The effect of 0.5 mass%Ca addition on the precipitation behavior of a Mg6.0 mass%Zn3.0 mass%Al (ZA63) alloy was investigated. The as-cast ZA63 and Ca-added alloys were homogenized and solid solution treated at 673 K for 12 and 1 h, respectively, followed by waterquenching. Then, both alloys were aged at 343, 373, 403 and 433 K. The cast ZA63 and Ca-added alloys were mainly composed of the primary ¡-Mg and Mg 32 (Al,Zn) 49 phases. The Al 2 Ca phase was detected co-existing in the Ca-added alloy. The Ca addition caused the grain refinement and improved hardness after the solid solution treatment compared with the ZA63 alloy even with the trace amount of 0.5 mass% Ca. The peak hardness of the Ca-added alloy aged at each temperature was higher than that of the ZA63 alloy. The microstructures of the ZA63 and Ca-added alloys produced by peak aging at 433 K consist of rod-like, blocky, plate-like and lath-like precipitates. Moreover, the precipitates in the Caadded alloy are more finely and densely distributed than those in the ZA63 alloy even though the volume fraction of precipitates in the Ca-added alloy estimated by the electrical conductivity during aging at 433 K for longer than 64 h is smaller than that in the ZA63 alloy. The Cliff-Lorimer plots of the EDS results for the ¢ 0 1 phase in the Ca-added alloy aged at 433 K for 1000 h were examined. It was confirmed that the ¢ 0 1 phase in the Ca-added alloy contained Ca atoms, indicating that Ca atoms inside the ¢ 0 1 phase might change the structure and/or composition of precipitates.
Introduction
Magnesium and its alloys have been noticed as promising light weight and highly efficient materials for all the industrial applications because of their advantiges such as low density, high specific strength and potential for recycling. Moreover, they have excellent dent resistance, damping capacity and shield capacity of electromagnetic waves compared with plastics and aluminum alloys. Therefore, magnesium alloys have been attractive especially for the components of automobile, aircraft and electronics. 1, 2) Although magnesium alloys generally exhibit superior properties, they have limitted application fields due to their relatively poor mechanical properties, unsuitable for the use at temperatures above 393 K. The creep resistance and strength decrease at elevated temperatures because of less stable microstructures. Therefore, it is extremely essential to develop magnesium alloys with high strength at elevated temperatures. 35) Precipitation hardening is one of the useful strengthening mechanisms to solve the above problems. However, magnesium alloys do not generally undergo thermal treatments such as an aging treatment, whereas their strength is industrially achieved through the grain refinement. This is mainly because that the magnesium alloys including MgZn based alloys, popular commercial alloys among the magnesium alloys, show a relatively lower precipitation hardening than aluminum alloys and/or copper alloys. If the precipitation hardening of magnesium alloys is incresased by some methods, the expanded applications of magnesium alloys are highly expected.
The precipitation sequence generally accepted in the Mg Zn and MgZnAl alloys is as follows. The addition of Ca, Ag and/or rare earth elements can promote the precipitation hardening due to the enhanced number density of fine precipitates.
811) Ca is considered as an important alloying element for magnesium alloys. The addition of Ca can improve the ignition-proof of magnesium alloys and significantly solve the problem during melting of magnesium alloys.
12) The Ca additon can also effectively refine the grain size and improve the strength of magnesium alloys. 13) Recently, it has been reported that not only precipitation hardening but also microstructure and mechanical properties of MgZnMn alloys were improved due to the refined precipitates by the Al addition. 14, 15) In this point of view, trace additions are particularly attractive because the trace additives are expected to produce small clusters and provide preferential nucleation sites for precipitates. 16) However, the effect of the trace Ca addition and the characteristics of various precipitates in the MgZnAl alloys are rarely reported. Therefore, in this study, the microstructures and precipitation behavior of MgZnAl alloys and modified MgZnAl alloys by the trace addition of Ca were investigated to understand the effect of the Ca addition on the precipitation hardening behavior. Moreover, the precipitation hardening was demonstrated by the not only change of the hardness and TEM microstructure but also change of the electrical conductivity and energy dispersive X-ray spectroscopy (EDS) analysis of precipitates.
alloys were prepared by a conventional casting method. The chemical compositions of the ZA63 and Ca-added alloys are presented in Table 1 . The specimens were homogenized at 673 K for 12 h. Then the homogenized specimens were machined into the dimension of ³10 © 10 © 5 mm 3 . Then, they were solid solution treated at 673 K for 1 h and quenched into water. The specimens were subsequently aged in an oil bath at 343, 373, 403 and 433 K. The precipitation hardening was examined by the micro Vickers hardness measurement determined from five data out of 7 individual indentations with a load of 200 gf for 15 s. The increment of hardness (¦HV) was calculated from the measured hardness excluding the as-quenched hardness (HV ¹ HV A.Q. ). The electrical conductivity was measured to estimate the change of the volume fraction of precipitates during aging. The specimens were etched to reveal grain boundaries in a solution of 2 mL HNO 3 and 98 mL ethanol. An optical microscope (OM) and transmission electron microscope (TEM) equipped with EDS were used to observe the characteristics of microstructures. The averaged dendrite cell size and grain size of as-cast and solid-solution treated specimens were measured by the UTHSCSA image analyzer tool with OM images. The grain boundaries of approximately 50100 grains were distinguished, and then the averaged grain size was calculated by assuming that the grain is a globular shape. The X-ray diffraction (XRD) using Cu K¡ radiation was emplyed for the phase analysis. X-ray diffraction patterns were identified by the JCPDS X-ray diffraction databank. Thin foil specimens for TEM were prepared by punching 3 mm diameter discs and twin jet electro-polishing using a solution of 8.3 g LiCl, 18.6 g Mg(ClO 4 ) 2 , 833.4 mL methanol and 166.7 mL 2-butoxy-ethanol at approximately 243 K with 17 V.
Results

Microstructures of as-cast and solid solution treated
specimens OM images of the as-cast ZA63 and Ca-added alloys are shown in Fig. 1 . Thin network with the width of 1015 µm of coarse secondary phases are distributed along the grain boundaries. The dark contrast regions as indicated by arrows with A are the regions where solute elements are segregated during solidification. Therefore, these areas surrounded by the dark contrast regions are considered to be dendrite cells. The averaged sizes of these areas (dendrite cell sizes) in the as-cast ZA63 and Ca-added alloys are approximately 115 and 93 µm, indicating that the solidification microstructure is smaller in the Ca-added alloy than in the as-cast ZA63 alloy. The Ca addition enhances the formation of stable intermetallic compounds on grain boundaries during solidification. Figure 2 shows the X-ray diffraction patterns of the as-cast ZA63 and Ca-added alloys. The ZA63 alloy mainly consists of the primary ¡-Mg and eutectic Mg, Mg 32 (Al,Zn) 49 phases. The Ca-added alloy is composed of the primary ¡-Mg, eutectic Mg, Mg 32 (Al,Zn) 49 phases and Ca containing phase such as Al 2 Ca. 17, 18) The as-cast alloys were solid-solution treated in order to obtain a supersaturated solid solution in the investigated alloys. Figure 3 shows the microstructures of the solid solution treated ZA63 and Ca-added alloys. Most of the Mg 32 (Al,Zn) 49 phase on the grain boundaries in the ZA63 alloy were dissolved into the ¡-Mg matrix after the solidsolution treatment, as shown in Fig. 3 (a). The grain boundaries become clearly visible after the solid solution treatment. The averaged grain size of the solid solution treated ZA63 alloy is approximately 300 µm. On the other hand, the intermetallic compounds in the Ca-added alloy were observed on the grain boundaries even after the solidsolution treatment, as shown in Fig. 3(b) . One of the intermetallic compounds on the grain boundary was observed by TEM and analyzed using EDS. The result is shown in Fig. 4 . The electron diffraction pattern of the compound was too vague to identify mainly due to the large thickness of the compound. The EDS result on the circled area, however, clearly shows that the compound mainly consists of Al and Ca with the ratio (mol% ratio) of 2 : 1, indicating that the compound must be Al 2 Ca. Some of Mg and Zn are detected due to the effect of the matrix. Moreover, the intermetallic compound was confirmed as Al 2 Ca from the XRD patterns in 
Precipitation hardening behavior
The precipitation hardening of the ZA63 and Ca-added alloys obtained during isothermal aging at 343, 373, 403 and 433 K are compared in Fig. 6(a) . The addition of Ca to the ZA63 alloy results in the increase of the as-quenched hardness from ³53 to ³55 HV. The behavior of the hardness changes of the ZA63 and Ca-added alloys is similar to that of other age-hardenable alloys. With increasing aging temperature, the precipitation hardening of both alloys becomes more rapid and the time to the peak aging becomes shorter. However, the peak hardness is higher at lower aging temperatures. Additionally, the aging of the ZA63 and Caadded alloys at intermediate temperatures, 343 and 373 K, causes the doubled hardness increment of that of the aging at 433 K. Moreover, the hardness decreases more slowly than that of higher aging temperature after passing the peak hardness, i.e., over aging. The tendency of aging curves of both alloys at 433 K is quite similar. The distinction between the precipitation hardening behavior of the ZA63 and Caadded alloys is more obvious at 343, 373 and 403 K than at 433 K. 
EDS result (mol%):
Al: 60. In the Ca-added alloy, the kinetics of the initial agehardening is accelerated at all aging temperatures and the peak hardness increased from ³85 to ³92 HV at 403 K and from ³87 to ³91 HV at 433 K by the addition of Ca, respectively. In the over aging stage at 433 K, the changes of hardness of the ZA63 and Ca-added alloys decrease similarly. This will be discussed later in Fig. 7 . If the increment of hardness (Fig. 6(b) ) is considered, the difference in the maximum hardness at 433 K between the ZA63 and Caadded alloys is very small (about 1.1 ¦HV). The time to reach the peak hardness is shortened from 64 h for the ZA63 alloy to 32 h for the Ca-added alloy. This can be explained by the change in the electrical conductivity, which represents the change of the volume fraction of the precipitates during aging, and the increment of the electrical conductivity of the ZA63 and Ca-added alloys aged at 433 K as shown in Figs. 7(a) and 7(b) , respectively. The Ca-added alloy has a higher as-quenched value than the ZA63 alloy due to the remained intermetallic compounds exhibited in the XRD result in Fig. 5 . This indicates that the remained Al 2 Ca phase reduces the solute concentration of Al and Ca in the matrix and results in the decreased precipitates. Therefore, the less amount of solute atoms produces smaller volume fraction of precipitates. The addition of Ca accelerates the kinetics of precipitation in the early stage of aging at 433 K. It could be implied that the Ca addition provides more nucleation sites.
However, after aging for 64 h, the increment of the electrical conductivity of the ZA63 alloy exhibits a higher value than that of the Ca-added alloy, which means that the volume fraction of precipitates in the ZA63 alloy becomes higher than that in the Ca-added alloy after 64 h aging. This corresponds to the tendency of the increment of hardness during aging at 433 K. Figure 8 shows TEM bright field images of the ZA63 and Ca-added alloys peak-aged at 433 K. The images were observed along the h11 20i Mg direction. The TEM microstructures reveal that four types of precipitates are formed: rod-like ¢ precipitates. The TEM microstructures of the rod-like, blocky and plate-like precipitates in the peak-aged Ca-added alloy with higher magnification are shown in Fig. 9 . The number density of the precipitates in the Ca-added alloy is significantly higher than that in the ZA63 alloy. The quantitative determination of the specimen thickness is required to evaluate the number density of precipitates. The specimen thicknesses of the ZA63 and Ca-added alloys are assumed to be not so much different according to the contrast of the extinction distance of the same reflection spot, although not quantitatively determined. Moreover, the precipitates in the ZA63 alloy are coarser than those in the Ca-added alloy. Figure 10 shows TEM bright field images of the ZA63 and Ca-added alloys peak-aged at 433 K. The images were observed along the [0001] Mg direction. The precipitates are aligned along the h10 10i Mg as well as the f11 20g prismatic plane direction. It is found that the precipitates in the Ca-added alloy are finer than those in the ZA63 alloy.
TEM microstructures of precipitates
The TEM images around grain boundaries in the ZA63 and Ca-added alloys peak-aged at 433 K are shown in Fig. 11 . In the ZA63 alloy ( Fig. 11(a) ), the upper left grain shows the h11 20i Mg direction and the lower right grain reveals [0001] Mg direction. The precipitation morphology in the vicinity of grain boundaries is quite different from that in the grain interiors. There are coarsened grain boundary precipitates with the precipitate free zones (PFZ) around grain boundaries. The Ca-added alloy has very narrow precipitate free zones. The precipitates adjacent to the PFZ in the ZA63 alloy are more coarsened than those in the Ca-added alloy. However, the accurate identification of the precipitates is still in progress to ensure whether the Ca addition affects the nucleation behavior of precipitates or introduces new composition of precipitates.
The Cliff-Lorimer plots of the EDS results for the rod-like ¢ 
Discussion
Effect of Ca on the grain refinement
The Ca addition enhances the formation of stable intermetallic compounds on grain boundaries during solidification. The Al 2 Ca phase is considered to be mainly formed on the ¡-Mg grain boundaries after the formation of the primary ¡-Mg phase. The Al 2 Ca on the grain boundaries can restrict the movement of grain boundaries during solidification. 19 ) Therefore, the Al 2 Ca compound is expected to refine grains together with the dendrite cells. Al atoms are used for the formation of the Mg 32 (Al,Zn) 49 phase during solidification. Then, the remained Al atoms preferentially react with Ca to form Al 2 Ca. 13, 20) The as-cast alloys were solid-solution treated in order to obtain a supersaturated solid solution in the investigated alloys. It is difficult to clarify whether the MgZn 2 phase exists or not in the as-cast alloys. However, there is no XRD peak corresponding to the Mg 17 Al 12 phase which causes poor mechanical properties at higher temperatures above 393 K. 21) It is understood that the Zn addition suppresses the formation of the Mg 17 Al 12 phase even though 3 mass% Al was added. It is confirmed that the Mg 32 (Al,Zn) 49 phase is produced before the formation of the Mg 17 Al 12 phase during solidification based on the phase diagram of the MgZnAl ternary alloy. The Mg 32 (Al,Zn) 49 phase is formed at ³773 K, while the Mg 17 Al 12 phase exists at temperatures below ³723 K.
The averaged grain size of the Ca-added alloy is approximately 165 µm, while the grain size of the ZA63 alloy is approximately 300 µm after the solid-solution treatment. Generally, the Ca containing phases have higher thermal stability and Ca has a lower solid solubility into the Mg matrix. 21, 22) The Ca containing phases contribute the suppression of the grain growth due to the pinning effect on the grain boundary movement.
Precipitation hardening behavior
The tendency of aging curves of both alloys at 433 K is quite similar. The distinction between the precipitation hardening behavior of the ZA63 and Ca-added alloys is more obvious at 343, 373 and 403 K than at 433 K. The formation of GP zones at the early stage of aging in the MgZn based alloys is reported.
23) It is also reported that the GP zones are observed in the peak-aged MgZn alloys at aging temperatures below 403 K, while there is no GP zones at 433 K. 24, 25) This indicates that the GP zones must be initially formed at temperatures below 403 K and enhance the precipitation hardening. Ca will be incorporated in the GP zones due to the strong attractive interaction with Zn, resulting in the accelerated formation of the nucleation sites. Furthermore, the growth rate of precipitates will be decreased at lower aging temperatures. Therefore, the Ca addition may easily promote the formation of GP zones initially and refined precipitates in the subsequent stage at aging temperatures below 403 K compared with 433 K.
From the micro Vickers hardness changes in Fig. 6 and electrical conductivity changes in Fig. 7 , two influences caused by the Ca addition in the ZA63 alloy were clarified. The first is that the addition of Ca leads to the enhancement of as-cast and as-quenched hardness due to the effects of grain refinement and formation of Ca containing intermetallic compounds. Secondly, the Ca addition might increase the nucleation sites at the early stage of aging although the increment of the peak hardness shows no obvious difference between two alloys and the tendency of decease in hardness after peak aging time is similar. Nevertheless, it is generally known that the addition of trace amounts of Ca to a MgZn alloy leads to a significant enhancement of the precipitation hardening by the refinement of the precipitate microstructure.
26)
Role of solut atoms during aging treatment
The effect of Ca addition on the age-hardening behavior is clearer at 403 K than at 433 K. However, the observed precipitate microstructure by TEM is extremely small at 403 K compared with at 433 K. Then, in the present work, the TEM observation of precipitates was carried out at 433 K to understand the role of the Ca addition in both the ZA63 and Ca-added alloys peak-aged at 433 K. Generally, the orientation relationships are confirmed to be as follows: 6, 7, 25) • ¢ Moreover, the precipitates in the Ca-added alloy are more finely and densely distributed than the precipitates in the ZA63 alloy. Oh et al. mentioned that the combination of Ca and Zn reduces the interfacial misfit energy between the precipitate and matrix by the size effect, resulting in the decrease in the growth rate of the precipitate. 24) This indicates that the Ca addition is effective to promote the nucleation of the precipitates and/or to suppress coarsening of the precipitates. In comparison with the binary MgZn alloy, the ZA63 and Ca-added alloys exhibit higher number density of the blocky precipitates. 27) This suggests that Al eases the nucleation of this morphological and orientational variant of the ¢ 0 1 phase. Some researchers mentioned that the Al addition to the binary MgZn alloy produces blocky ¢ 0 1 and some of lathe-shape ¢ 0 2 precipitates, on the other hands the microstructures of the aged binary MgZn alloy consist of two types of precipitates showing the morphologies of rodlike and plate-like shapes. 28, 29) The precipitates are aligned along the h10 10i Mg as well as the f11 20g prismatic plane direction and the aligned precipitates may contribute to higher hardness as shown in Fig. 10 . In general, the stacking fault energy of an alloy decreases with increasing solute elements. 23) It has been reported that the stacking fault energy of pure Mg is reduced to about one third by the addition of 3 mass% Al. 30) The results of the EDS analysis in Fig. 12 On the other hand, the Ca atom has larger atomic size than the Mg atom. It is considered that the Al addition provies a direct influence on the nucleation and growth behavior of the precipitates. Furthermore, the lattice misfit between the matrix and precipitate will be changed by the additional elements, and simultaneously this causes the change in the morphology and growth rate of the precipitates. The enrichment of Ca inside the rod-like ¢ 0 1 precipitates is mainly due to the strong attractive interaction with Zn. Mg has also an attractive interaction with Zn because they produce several types of MgZn intermetallic compounds. 31, 32) The lattice misfit between the matrix and precipitate will be changed because of the enriched Ca inside a precipitate. The above idea must be experimentally confirmed, however, it is clarified that Ca has a direct influence on the nucleation and growth of precipitates. In the present work the data fluctuation of the Cliff-Lorimer plots is still large mainly due to the difficulty to detect Ca in the small precipitates. It is important to analyze precipitates accurately in the very early stage of aging. This is still in progress.
Conclusions
The changes of microstructure and aging behavior of the Mg6.0 mass%Zn3.0 mass%Al alloy (ZA63 alloy) by the additions of 0.5 mass%Ca (Ca-added alloy) was investigated using hardness, electrical conductivity measurements and electron microscopy. The following results were obtained.
(1) The as-cast ZA63 based alloys are mainly composed of the ¡-Mg and Mg 32 (Zn,Al) 49 phases. Moreover, the Al 2 Ca phase is found to be formed in the Ca-added alloy. The Al 2 Ca phase contributes to the refined grains after the solid solution treatment. 
